Introduction
Chronic myeloid leukemia (CML) is consistently associated with an acquired cytogenetic abnormality, the Philadelphia (Ph) chromosome, a shortened chromosome 22 resulting from a reciprocal translocation of the long arms of chromosomes 9 and 22. This translocation generates the bcr-abl fusion gene, which is translated in an oncoprotein with constitutive tyrosine kinase activity (BCR-ABL) that has important roles in proliferation and survival of myeloid progenitor cells. 1 Conventional therapeutic options for the treatment of CML are allogeneic hematopoietic stem cell transplantation as the only potential cure, and administration of interferon-alpha (IFN-a). The mean rate of complete cytogenetic remission (CCR) in IFNa-treated patients is 13% (range 5-33%). The 10-year survival rate from first CCR is 72% and is related to the risk profile. 2 The advent of imatinib (Glivec s , formerly STI571), a potent and selective inhibitor of BCR-ABL, represents an important advance in the management of CML and has led the way to targeted therapy of cancer in general. In a phase III study of newly diagnosed chronic phase (CP) CML, imatinib was superior to IFN-a plus cytarabine in cytogenetic response, freedom-fromdisease-progression and tolerability. 3 Even after IFN-a failure, imatinib induced major cytogenetic response rates of 60% in CP CML, CCR rates of 40%, and 18-month estimated freedom-fromprogression and survival rates of 89% and 95%, respectively. 4 In a more recent study, imatinib-treated patients demonstrated a better 4-year survival rate than patients receiving non-imatinib therapies. 5 Despite the achievable remission rates, resistance to imatinib is an important issue for therapy, as a minority of CML patients in CP and a substantial proportion in advanced disease phases display either refractoriness to imatinib treatment or loose imatinib sensitivity over time and experience relapse. 4 Whereas acquired resistance could be mainly attributed to an impaired drug-binding capability of BCR-ABL, 6 the nature of intrinsic resistance still needs clarification. [7] [8] [9] Gene expression analysis by microarrays is a powerful technology, which has been used to gain valuable information for tumor diagnosis, prognosis and therapy development on various human cancers including acute and chronic leukemias. 10, 11 Robust gene expression profiles had been demonstrated to discriminate between cytogenetically defined acute myeloid leukemia subtypes for diagnostic purposes. 12 In the case of Ph þ acute lymphoblastic leukemia, genetic factors had been identified that can predict the development of resistance to imatinib 13 and a longer survival in CML. 14 In this study, we set out to identify predictive genes for discriminating primary imatinib responders from non-responders in CML. Such a predictor may serve as a prognostic marker and might support therapeutic decisions. Furthermore, the gene expression signature could hint to molecular mechanisms involved in primary cytogenetic imatinib resistance.
Materials and methods

Patient characteristics
Imatinib-treated patients were evaluated for hematologic, cytogenetic and molecular responses for a minimal observation time of 12 months. Patients who remain in a major (complete or partial) cytogenetic remission (MCR; p35% Ph þ metaphases) after initial response were defined as responders (n ¼ 23; CCR: n ¼ 17), whereas those with a continuous minor (minimal or no) cytogenetic remission (lack of MCR; 435% Ph þ metaphases) were considered non-responders (n ¼ 11; no cytogenetic remission ¼ NoCR: n ¼ 7). Informed consent was obtained from all patients included in this study. Patients were considered for the gene profiling study if they met the following criteria: (i) CML in CP, (ii) failure of IFN-a treatment owing to intolerance, refractoriness or resistance before imatinib therapy and (iii) definite clinical outcome based on cytogenetics measured within the first 12 months of treatment to discriminate responders from non-responders. Diagnostic groups were matched according to demographic and hematologic parameters as shown in Supplementary Table 1 .
Cytogenetic analysis
Cytogenetic studies were performed on bone marrow (BM) aspirates according to standard protocols. 15 
Determination of bcr-abl variants and transcription levels in patients
Before the start of imatinib therapy, patients were screened for the expression of bcr-abl transcripts by multiplex polymerase chain reaction. 16 Concomitantly, bcr-abl transcript levels were determined by quantitative real-time reverse transcriptase-PCR (QRT-PCR). 17, 18 In the follow-up, patients were monitored for their molecular response to therapy in three-monthly intervals.
Selection of high-quality leukemic RNA extracts
From leukemic samples (BM, peripheral blood (PB)) that were collected before imatinib therapy, total white blood cells were isolated by hypotonic red cell lysis, washed and transferred into a guanidinium isothiocyanate-containing buffer. Total RNA was extracted by commercially available kits (RNeasy, Qiagen, Hilden, Germany) or by CsCl gradient centrifugation 19 and stored at À801C. RNA quality was assayed by Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) and degradometer software (version 1.4). 20 
Oligonucleotide microarray hybridization
Hybridization probe generation (starting from 3.3 to 8 mg of total RNA) and HG-U133A microarray processing were performed according to the standard protocols available from Affymetrix (Santa Clara, CA, USA). Detailed information about experimental settings and raw data have been submitted to ArrayExpress, a public repository for microarray data (http://www. ebi.ac.uk/arrayexpress/) and are available under accession number E-MEXP-433.
Microarray analysis and statistical procedures
Raw data from Affymetrix CEL files were normalized using the method described by Huber et al., 21 for which a brief description can be found in the Supplementary data. For supervised learning, support vector machines (SVM) with a linear kernel function 22 were used. Classification accuracies were determined by 10-fold cross-validation. A discriminative gene expression pattern was obtained by using recursive feature elimination (RFE) 23 together with SVM (for details see Supplements).
Detailed descriptions of further normalization procedures (robust multiarray average (RMA)), statistics and algorithms for data evaluation such as analysis of variance (ANOVA), significance analysis of microarrays (SAM) and prediction analysis of microarrays (PAM) are available from the journals' website in the Supplementary file.
cDNA synthesis
Three micrograms of the same total RNA preparation used for microarray analysis were reverse transcribed for subsequent QRT-PCR using random hexamer priming and moloney murine leukemia virus reverse transcriptase as described previously. 19 This amount of starting material was available for 26 patients in total (18 responders; eight non-responders).
QRT-PCR analysis
For corroboration of microarray data, QRT-PCR (LightCycler technology, Roche, Mannheim, Germany) was performed for a panel of representative genes (cochlin precursor (coch), vanin 1 (vnn1), anaphase-promoting complex subunit 5 (anapc5), tryptase alpha/beta1/beta 2 (tpsab1/b2) and rabphilin 3A homolog (mouse) (rph3a)). Beta-glucoronidase (gus) served as reference gene that has been demonstrated to be the best suitable housekeeping gene for testing leukemic tumor samples. 24, 25 Primer pairs, hybridization probes and QRT-PCR conditions are given in the Supplementary file. The resulting Prediction of primary imatinib resistance in CML O Frank et al expression levels of target genes were normalized by division through the mean expression value of the reference gene (gus).
Results
Patient characteristics
In order to identify genes associated with primary cytogenetic resistance to imatinib, patient groups corresponding to responders (n ¼ 23) and non-responders (n ¼ 11), and matched for demographic and hematologic parameters, were used for all experiments (for details see Supplementary file: Results and Table 1 ).
Comparing the gene expression in BM versus PB
The aim of this study was to develop a set of genes suitable to predict the outcome of CML patients regarding primary imatinib resistance. As this predictor should be valid irrespective to the cells used (PB or BM), differences in gene expression between both sample types were analyzed first. BM and PB samples simultaneously taken just before the start of an imatinib-based regimen from seven imatinib responders were analyzed by Affymetrix gene chip hybridization. Microarray data were statistically analyzed based on mixed log-linear models (for details see Supplements). Results are depicted in Supplementary  Figure 1 as a volcano plot. The red vertical line represents a cutoff value based on Bonferroni correction and therefore serves to define differentially regulated genes between both sample groups. In total, 184 genes discriminating between PB and BM samples were identified.
Gene expression profile of cytogenetic response after IFN-a failure
Analysis of gene profiles corresponding to 23 known cytogenetic responders (29 samples; one BM sample of a responder was kept for test set analysis; see below) and 11 non-responders (12 samples) by SVM-RFE revealed 128 genes (Supplementary Table  2 ) of highest discriminatory power for optimal separation of both diagnostic groups ('candidate predictor'). Importantly, no intersection between these 128 classification genes was found when compared to the differentially expressed genes (n ¼ 184 above Bonferroni correction) between BM and PB samples in Supplementary Figure 1 . Based on hierarchical cluster analysis, SVM data are shown as heatmap in Figure 1 . Specific genes associated with molecular pathways potentially related to mechanisms of primary resistance (inhibition of apoptosis, disease progression, oxidative stress protection, DNA repair, centrosomes) are shown in Table 1 .
Comparison of results from independent statistical methods
In order to check for validity of microarray-based gene expression data, lists of differentially transcribed genes obtained from independent statistical analyses (SVM-RFE: n ¼ 128; ANOVA: n ¼ 295; PAM: n ¼ 97 genes; for detailed selection criteria see Supplementary file) were compared. Results are illustrated as a Venn diagram (Supplementary Figure 2) showing a good general comparability between the methods used and 17 commonly found genes. Results of a SAM analysis revealed 10 genes (100%) that are listed in both ANOVA and SVM-RFE output files (data not shown). Six of them were found in the list from PAM analysis.
Confirmation of microarray data by QRT-PCR
Of the 128 SVM-selected and differentially expressed genes (Figure 1, Supplementary Table 2) , five with the highest fold changes were chosen for QRT-PCR analysis for verification ( Table 2) . Four of these are contained within the list of the 17 commonly found genes. Of the selected genes, three were overexpressed in imatinib non-responders compared to responders: coch, tpsab1/b2 and anapc5. Downregulation was observed for: vnn1 and rph3a. For all but one gene (anapc5), the results demonstrate a good concordance between microarray and QRT-PCR. Consistency was found for vnn1 and rph3a transcript levels (Po0.0134), correlation for tpsab1/b2 and coch (Figure 2 ).
Predicting the cytogenetic outcome in independent patient samples (test set)
The potential predictor consisting of 128 genes was tested on two independent patients with primary resistance that became accessible after having completed the study. Of those, one had been pretreated with IFN-a, whereas the other one had not. From the latter, both PB and BM samples were available. All three samples were used together with a BM sample kept from an IFN-a-pretreated responder patient (see above) for microarray assessment to apply the identified profile based on the 128 SVMselected genes. The responder served as an internal control, as a PB sample of this patient was used to create the outcomespecific signature based on the 41 training set samples. All three patients were correctly assigned to their respective diagnostic group (Figure 1 ), confirming the validity of our candidate gene predictor in this small test set.
Discussion
Imatinib has revolutionized drug therapy of CML. However, a subset of patients displays resistance against this selective tyrosine kinase inhibitor. For early risk stratification, it would be highly desirable to predict a patients' individual drug response in order to consider alternative treatment options (e.g. a potentially curative stem cell transplantation). Therefore, the primary aim of this study was to identify prognostic genes by means of gene expression profiling that are capable of predicting clinical outcome (i.e. whether or not an MCR within the first year of treatment will be achieved). Whereas mechanisms underlying an acquired resistance are well described, 26 uncovering of those responsible for primary inherent resistance has just started. 7, 9 Therefore, a secondary aim was to search for genes underlying primary resistance using a genome-wide gene expression approach (Affymetrix HG-U133A DNA chip).
The resulting outcome-specific gene expression signature, identified by the use of SVM, comprises 128 genes. Independent statistical approaches using PAM and ANOVA analyses support the data. In order to confirm the microarray data, those five genes with the highest fold change in SVM classification discriminating both diagnostic groups were selected for QRT-PCR. The observed small differences in fold change found by our microarray analysis could be an explanation for the ability of confirming only a few of the tested genes as differentially expressed. This is in line with observations of Dallas et al., 27 who noticed a trend toward less correlation between microarray and QRT-PCR for genes that exhibited fold change differences of o1.5. Nevertheless, four of the five analyzed genes (vnn1, rph3a, tpsab1/b2, coch) could be supported by QRT-PCR.
Genes and pathways related to mechanisms of primary resistance
Detailed analysis of the 128 SVM-selected genes revealed several candidates linked to relevant signaling pathways in CML, which may represent pathogenetically relevant genes. One known pathomechanism of BCR-ABL-induced transformation of hematopoietic cells involves inhibition of apoptosis. 28 Albeit displaying minor transcriptional changes, several genes Figure 1 Outcome-specific gene expression signature in CML. Hierarchical cluster analysis of CML samples of 36 patients with different cytogenetic responses to imatinib treatment within the first 12 months of therapy. The heatmap combines training set (n ¼ 41) and test set samples (n ¼ 4), the latter being marked by asterisks. Using SVM-RFE, 128 genes that were required to discriminate between both diagnostic patient groups according to their cytogenetic response profile were identified. Heatmaps were constructed using z-transformed gene expression values, that is, measurements were scaled to have gene-wise zero mean and gene-wise unit variance. Columns (samples) and rows (probe sets) of the gene expression matrix were reordered by hierarchical clustering using an Euclidean distance metric and the complete linkage algorithm. Colored bars above the heatmap illustrate (i) gender distribution (pink ¼ female, light blue ¼ male), (ii) sample type (green ¼ PB; orange ¼ BM) and (iii) cytogenetic response (blue ¼ MCR, red ¼ lack of MCR).
Table 2
Genes with the highest fold change in SVM classification were used for corroboration of microarray data by QRT-PCR Prediction of primary imatinib resistance in CML O Frank et al may synergistically act on apoptotic pathways. This may hold true for casp9 that is downregulated in imatinib non-responders. Previous publications have shown that the inhibition of CASP9 activity represents a mechanism of acquired cisplatin resistance in a certain type of head and neck squamous cell carcinoma. 29 This also holds true for blk, a gene encoding an SRC (sarcoma virus) kinase found to be downregulated in B-cell chronic lymphocytic leukemia cells that were resistant to DNA damageinduced apoptosis. 30 Of importance, in Ph chromosomepositive leukemia a role of tyrosine kinases has been stated for reducing BCR-ABL dependence and for reducing imatinib efficacy. 13 In addition, it has been suggested that downregulation of tumor necrosis factor receptor-associated protein 1 (TRAP1), a member of the heat-shock family of proteins, might play an important role in the induction of apoptosis potentially caused by the formation of reactive oxygen species (ROS). 31 Therefore, owing to the observed upregulated trap1 expression, sustained apoptosis-inhibiting effects should be expected as its expression level remained unaffected by imatinib in a previous study. 31 A known pathway associated with antiapoptotic responses includes the nuclear factor-kB (NF-kB) signaling cascade. The transcription factor NF-kB itself has been identified as an inhibitor of apoptosis and as a potential regulator of cellular transformation mediated by BCR-ABL. 1, 32 Within the non-responder group, the transcriptional downregulation of cezanne/za20d1 and foxj1 corresponding to known suppressors of NF-kB 33, 34 was observed. Collectively, these findings point toward an overall impairment of apoptotic pathways in primary imatinib-resistant CP CML patients. Further support to this concept is the finding of hras overexpression observed in nonresponders. Constitutive activation of this mitogenic molecule leads to an antiapoptotic pathway that is insufficient but required for transformation in CML. 35 These genes could represent a potential interplay in a combinatorial manner, and thus, despite small fold changes, may cause biologically important effects according to a principle suggested by Wurmbach et al.
36
Disease progression genes
Interestingly, overexpression of atx/enpp2, another gene that appears to augment the invasive and metastatic potential of rastransformed cells, 37 was identified. Taking into account that this gene has been shown to be upregulated within CML blast crisis patients when compared to those in CML-CP, 38 it could be hypothesized that the imatinib non-responders, although not in accelerated phase (according to the definition criteria by Talpaz et al. 39 ), are in a more advanced stage of CP than the responders. This hypothesis is supported by the occurrence of chromosomal aberrations in addition to the Ph chromosome in some (four of 11) of the non-responders compared to the responders (Supplementary Table 1 ). This may account for a BCR-ABL-independent disease phase resulting in the observed lack of a primary cytogenetic response. Of importance, the latter patient group showed overexpression of g2a/gpr132 that is known to attenuate the transformation potential of BCR-ABL. 40 Genes associated with oxidative stress Some genes were uncovered with functions associated with oxidative stress. Recently, a model has been proposed claiming that overexpression of H-ras increases ROS and glutathione (GSH) levels, thereby triggering ras-transformed cell growth. 41 Expression data of glutathione synthetase (gss) within nonresponders are in line with this model pointing to the importance of genes involved in oxidative stress protection. In addition, a major downregulation of vnn1, a negative regulator of cellular GSH storage, was identified. Elevated GSH levels correlate with resistance to oxidative injury and with reduced apoptosis when vnn1 is knocked out. 42 Another gene protecting Prediction of primary imatinib resistance in CML O Frank et al against cellular oxidative stress that was found to be upregulated is pon2. It has been argued that during monocytic maturation into macrophages, PON2 stimulation may modulate cellular superoxide anion production. 43 
Genes with functions in DNA repair
Genes of the DNA repair system were found to be upregulated within the group of non-responders. These comprise msh3 and a target gene of p53, ddb2, the gene product of which is a known interaction partner of the tyrosine kinase c-ABL. 44 This overexpression might compensate for genetic lesions accumulating within malignant cells resistant to apoptotic signals.
Centrosomal genes
Centrosomal aberrations are hallmarks of various cancers. Their occurrence in CML correlates with disease stage and chromosomal instability. 45 The helix-loop-helix protein inhibitor of differentiation-1 (ID1) localizes to centrosomes and rapidly induces abnormal centrosome numbers. 46 As high levels of ID1 expression are frequently detected in various cancer types and may correlate with poor clinical prognosis, 47, 48 it is tempting to speculate if the ID1 upregulation as observed in the nonresponders exerts a pathogenetic effect by karyotype destabilization. This could be accomplished by modulation of centrosomal fidelity, which is known to be a major parameter in aneuploidy accompanying disease progression. 45 
Comparison with previous microarray studies on CML patients
There were only few overlaps of this gene list resulting from expression profiling of CML and those published by other groups. 8, 38, [49] [50] [51] [52] Specifically, these genes comprise those with functions in DNA repair (msh5) and tumor progression (dag1, enpp2). With respect to the observed deviations, several explanations may be considered. Obviously, major differences in gene expression are warranted owing to the use of samples prepared from diverse cell fractions/cellular origin (i.e. whole blood vs mononuclear cells, AC133 þ blasts). Also, variations in the composition of patient populations (i.e. sample number, ethnical and gender aspects, stage of disease, definition criteria of imatinib response, type and duration of pretreatments with other drugs, occurrence of chromosomal aberrations in addition to the Ph chromosome), the quality of RNA samples, the microarray platforms (Affymetrix technology, custom cDNA arrays) and the statistical algorithms used could have contributed to the differences in gene expression. We generally agree that in contrast to acute leukemias, the low amount of blast cell populations within CML samples still represents a challenging task for DNA microarray investigations. 8, 52 Nevertheless, in order to apply a clinically feasible approach for predicting patients drug response, whole leukocyte RNA samples that were carefully selected for equal quality were used. State-of-the-art algorithms such as SVM have been employed that has been demonstrated to outperform all other methods for building predictive models. 53 Although the differences detected by microarray analysis were small (o2-fold), it has been reported that changes in gene expression can significantly be underestimated by DNA chip platforms. 54 Thereby, using a high cutoff in order to exclude false-positive results will miss important biological changes. Definitely, these had to be verified by additional tests (QRT-PCR; Northern blot) as has been performed in previous microarray studies on data displaying low fold changes (o2). 55, 56 Prospectively, our candidate predictor will be further explored on samples from CML patients currently treated in clinical studies.
Conclusion
Based on SVM classification, a potential 128-gene predictor for early assessment of primary cytogenetic response of CML patients to imatinib was established. The data suggest that transcriptional regulation of apoptotic and antiapoptotic genes, disease progression genes, oxidative stress genes, genes for DNA repair and centrosomal genes are associated with imatinib resistance in CP CML. These findings are in line with the concept of a multifactorial development of resistance against imatinib pointing to the involvement of several BCR-ABLindependent pathways.
